Insertional mutagenesis was used to isolate clones from Streptococcus thermophilus CNRZ368 that were modified in their abilities to tolerate oxidative stress. During this process, two menadione-sensitive clones (6G4 and 18C3) were found to display abnormal cell morphologies and distorted chain topologies and were further studied. Molecular characterization of both 6G4 and 18C3 mutants indicated that they were disrupted in open reading frames homologous to rodA and pbp2b, respectively. Both genes encoded proteins in Escherichia coli that were described as being implicated in peptidoglycan synthesis during the process of cell elongation and to function in determining the rod shape of the cell. This work reports a possible connection between peptidoglycan biosynthesis and oxidative stress defense in S. thermophilus CNRZ368.
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Streptococcus thermophilus is a lactic acid bacterium (LAB) used as a starter of fermentation for the conversion of milk into yogurt and many cheeses (e.g., Emmental, Gruyère, mozzarella, and cheddar). It is an anaerobic aerotolerant microorganism that grows as linear chains of ovoid cells.
The growth of rod-shaped bacteria and some coccal bacteria occurs by successive cycles of elongation and division (13, 20) . During elongation, the sacculus is extended due to the insertion of disaccharide pentapeptide units into the existing peptidoglycan with the aid of penicillin-binding proteins (PBPs) (for recent reviews, see references 3, 6, 8, and 19) . When the cell mass doubles, division is initiated at a lateral position by the formation of a septal wall from which the two new cell poles will be divided (for reviews, see references 4 and 18). In rod-shaped bacteria, these alternating processes, i.e., elongation and septation, are viewed as competing systems and each requires the presence of specific proteins (4, 16, 22) . For instance, PBP3 and FtsW carry out septation (2, 9, 11, 16) , while PBP2 and RodA act specifically in the elongation step (7, 17, 22, 24) and are needed to maintain the rod-like morphology of the cell. More precisely, PBP2 has transpeptidase activity in Escherichia coli and requires an active RodA protein to be fully functional (10) .
The peptidoglycan is considered to assume two main functions: it is responsible for maintaining the shape of the cell (for a review, see reference 21) , and it provides protection to the protoplast from external and internal osmotic forces. However, its role is not strictly limited to these activities. In LAB, resistance to stresses (such as UV radiation and acidic pH) depends on genes involved in peptidoglycan and teichoic acid synthesis (for a review on LAB, see reference 3).
Our initial goal was to identify genes implicated in the oxidative stress defense of S. thermophilus CNRZ368. To this end, insertional mutagenesis with pGh9:ISS1, a plasmid developed by Maguin et al. (14) , was used. The resulting mutants were selected for their modified responses to menadione (an O 2 ⅐Ϫ -generating compound) (A. Thibessard, unpublished data). In this paper, we report the physiological and molecular characterization of two clones (6G4 and 18C3) that were not only sensitive to menadione but were also found to have altered morphologies and reduced growth rates.
Identification of disrupted loci in 6G4 and 18C3 genomes. Southern blot hybridization with pGh9:ISS1 as a probe indicated that integration of pGh9:ISS1 occurred in a single locus of the 18C3 genome and in a single locus of the 6G4 genome (data not shown). The disrupted loci were identified by cloning and sequencing the regions flanking the transposed structure. For the mutant 18C3, one of the two fragments (18C3-I R ) was cloned. DNA sequence data obtained from 483 bp of this fragment revealed that it contained the partial sequences of two putative open reading frames (ORFs) (Fig. 1A) . The disrupted ORF showed 98% identity to the pbp2b gene, and the second ORF was homologous to recM (100% identity); both genes were from S. thermophilus Sfi6 (23) . Since the complete sequences of both genes have already been obtained in an S. thermophilus strain, the sequencing of the whole pbp2b gene in CNRZ368 was not completed.
Additionally, the two fragments flanking the pGh9:ISS1 insertion locus in the mutant 6G4 were cloned, and a total sequence of 1,855 bp was determined (Fig. 1B) . Sequence analysis revealed that the ORF, into which pGh9:ISS1 integrated, encoded a predicted protein of 416 amino acids. A search of GenBank for homologous proteins showed that this protein was 61% identical (79% similarity) to RodA (a putative rod-shaped determining protein) of Streptococcus pneumoniae, and it was therefore designated RodA.
Transcriptional analysis of the 6G4 and 18C3 mutants. The pbp2b gene has been shown to be monocistronic (23) . To investigate the transcriptional organization of rodA, total RNAs extracted from late-exponential-phase cells of S. thermophilus CNRZ368 were probed with digoxigenin-labeled transcripts complementary to an internal portion of rodA mRNA ( Fig. 2A) . Northern hydridization revealed a single transcript of approximately 1,450 bases, which is consistent with the idea that rodA is a monocistronic unit (Fig. 2B) .
To determine if rodA and pbp2b were constitutively transcribed, the levels of expression of both genes were examined by real-time reverse transcription-PCR (iCycler; Bio-Rad) with RNA samples isolated from exponential-phase (optical density at 600 nm [OD 600 ] ϭ 0.55) and early-stationary-phase (OD 600 ϭ 1.6) cultures of S. thermophilus CNRZ368. The amount of cDNA for each gene was normalized to the quantity of hstH cDNA present in each RNA preparation, which previously has been shown to be expressed at a constant rate (data not shown). The rodA and pbp2b transcripts appeared to be equally abundant in both growth phases (data not shown) and to be constitutively expressed.
Growth and morphological characteristics of the 6G4 and 18C3 mutants. Mutations of rodA or pbp2b were accompanied by a reduction of the growth rate. Thus, in terms of growth parameters, S. thermophilus CNRZ368 exhibited a lag phase, doubling time, and maximal OD 600 of 1.5 h, 30 min, and 2.0, respectively, whereas both 6G4 and 18C3 mutants exhibited values of 1.7 h, 60 min, and 1.6, respectively. These results suggest that RodA and PBP2b are involved in cell growth.
To determine whether impairment of RodA or PBP2b had an impact on the cell morphology of S. thermophilus, we examined the 6G4 and 18C3 mutants by light and scanning electron microscopies and compared them with the wild-type strain. For all examinations, samples were collected from stationary-phase cultures grown in liquid TPPY medium. The results of the examinations indicated that cells of both 6G4 and 18C3 mutants were spherical instead of ovoid (Fig. 3A) . This was associated in both cases with a significant reduction of the cell size: the mean sizes were 2.3 Ϯ 0.5, 2.0 Ϯ 0.6, and 4. (Fig. 3B) ; the 18C3 cells were also twisted. Finally, the number of cells per chain was significantly higher in the mutants than in the wild-type strain, as indicated in the graph in Fig. 3C . Taken together, these results indicate that both RodA and PBP2b play a fundamental role in the maintenance of cell shape in S. thermophilus, a function that is therefore not restricted to rod-shaped bacteria like E. coli or Bacillus subtilis. Our findings on the phenotypes associated with rodA and pbp2b mutations support the idea that RodA and PBP2b are key proteins of the elongation system of S. thermophilus as well as those of E. coli and B. subtilis, homologues of the S. thermophilus system. Moreover, our data suggest that elongation is not required for cell division.
Additionally, a mutation in either rodA or pbp2b was associated with an increase in the number of cells per chain, suggesting that RodA and PBP2b may also play a role in cell segregation within chains.
RodA and pbp2b mutations are not lethal in S. thermophilus CNRZ368. In S. thermophilus CNRZ368, disruption of either rodA or pbp2b was not lethal, which contrasts with what occurs in E. coli. In order to examine the effects of simultaneous rodA and pbp2b gene disruptions on viability and on cell phenotype, a double mutant was constructed. To do this, the 18C3⌬pGh strain was obtained by plasmid excision produced by homologous recombination between the two copies of ISS1. This strain was erythromycin sensitive and yet it was disrupted for pbp2b, since one copy of the ISS1 element was kept in the original target site. This strain was then transformed with the plasmid pGh9 carrying a 548-bp fragment containing an internal sequence of the rodA gene. A rodA pbp2b double mutant, resulting from plasmid integration in the chromosomal copy of rodA via a single-crossover event, was selected and confirmed by Southern blotting (data not shown). This rodA pbp2b double mutant was viable and displayed no significant phenotypic difference compared to the single pbp2b mutant from which it was derived. This result reinforces the idea that both proteins are implicated in the same peptidoglycan biosynthesis process. Moreover, both rodA and pbp2b genes were dispensable for the growth of 6G4 and 18C3 mutants, suggesting that, contrary to what occurs in B. subtilis, the division machinery is not influenced by the impairment of the elongation system in S. thermophilus CNRZ368 (9) .
Both rodA and pbp2b take part in S. thermophilus defense against oxidative stress. (i) Construction of truncated rodA FIG. 4 . Oxidative stress responses of rodA and pbp2b mutants. (A) Survival rates in the presence of increasing concentrations of menadione (Mnd). Symbols: ‚, control; E, 6G4; , 18C3; and F (marked with an asterisk), rodA-pbp2. The control experiments were done with the strain 2C3, which was derived from CNRZ368 by pGh9:ISS1 transposition and which was neither affected in its oxidative stress response nor in its cell morphology. Cells were grown overnight in milk medium diluted 100-fold into fresh TPPY medium. At an OD 600 of 0.6, the culture was split and samples were treated with menadione for 3 h. Cells were then plated on TPPY liquid medium and incubated for 20 h in jars. The percentage of surviving cells was determined by comparing the number of CFU in treated samples with the number in untreated samples. All experiments were performed in triplicate. The results of typical experiments are presented here. (B) Growth inhibition of various mutants on TPPY medium in the presence of H 2 O 2 and methyl viologen. The concentrations of the oxidative agents used in this experiment were 1 mM for H 2 O 2 and 20 mM for methyl viologen (paraquat). The inhibition of growth was measured by determining the ratio of the OD 600 after a 20-h incubation in the presence of oxidizing agent to the OD 600 in the absence of treatment. All experiments were performed in triplicate. The data from typical experiments are displayed here. and pbp2b mutants. To determine whether the menadione sensitivity of 6G4 and 18C3 was the result of the insertion of pGh9:ISS1 rather than the result of a secondary mutation, a single mutant of each gene was reconstructed. To do this, two recombinant plasmids were constructed. In the first, a 548-bp fragment containing an internal sequence of rodA (from codon 18 to codon 200) was inserted in pGh9. The second construct carried a 1,140-bp DNA fragment containing an internal sequence of pbp2b (from codon 190 to codon 569). Both plasmids were introduced separately into the wild-type strain via electroporation (15) . Transformants were selected at 30°C on M17 plates containing erythromycin (5 g/ml). Mutants derived from plasmid integration via a single-crossover event were obtained with both plasmids and verified by Southern blot analysis (data not shown). The strains resulting from rodA or pbp2b truncation were termed rodA(t) and pbp2b(t), respectively.
(ii) Sensitivity of rodA and/or pbp2b mutants to hydrogen peroxide and superoxide-generating agents. Several assays were developed to assess the tolerances of the 6G4, 18C3, rodA(t), pbp2b(t), and rodA-pbp2b mutants to oxidizing agents. To test menadione tolerance, cells were grown in TPPY medium until the OD 600 was 0.6. Then, the culture was split and samples were treated for 3 h with various concentrations of menadione, and the cells were further plated on solid TPPY medium to count the surviving CFU. The survival of the 6G4 and 18C3 mutants in the presence of menadione confirmed the increased susceptibilities of the mutants compared to that of the control (Fig. 4A) . Similar results have been obtained for rodA(t) and pbp2b(t) (data not shown), indicating that both RodA and PBP2b proteins play a role in the oxidative stress response of S. thermophilus CNRZ368. Moreover, no drastic difference was observed between the results obtained for all of these single mutants and that for the rodA pbp2b double mutant, indicating that rodA and pbp2b disruptions did not produce a cumulative effect different from those produced by single mutations. Thus, the 6G4 and 18C3 mutants seem to be altered in the same mechanism of defense against oxidative stress.
In order to determine whether this sensitivity was menadione specific, the effects of other oxidizing agents were checked by use of a protocol inspired by King et al. (12) . Briefly, the OD 600 was used to estimate the cellular concentration of each sample after a 20-h incubation in the presence of H 2 O 2 or methyl viologen (O 2 ⅐Ϫ -generating molecule). As shown in Fig.  4B , all mutants showed reduced abilities to develop compared to the control regardless of which oxidizing molecule was added to the medium. Thus, RodA and PBP2b have a role in the defense against hydrogen peroxide and superoxide radicals.
Conclusion. Altogether, our results clearly show that RodA and PBP2b are not only implicated in peptidoglycan biosynthesis but also involved in the oxidative stress response. There are a few hypotheses that may explain the increased sensitivities of the rodA and pbp2b mutants to oxidative agents. One hypothesis is based on the major function assigned to the cell wall, that is, the maintenance of cell integrity. In the literature, the importance of the cellular envelope for cell survival under environmental stresses has already been reported. In LAB, improper biosynthesis of this barrier has been reported to induce an increased sensitivity to either UV treatment (5) or acid stress (1) . Thus, disruption of rodA or pbp2b may cause a modification of the architecture of the peptidoglycan, reducing the ability of the cell to protect against attack. Mutations in rodA or pbp2b may reduce the number of cross-links between glycan chains, lessen the degree of elongation of the chains, or prevent damage to the peptidoglycan from being repaired.
An alternative hypothesis is to view PBP2b and RodA as part of a chain of interacting elements that can induce a protective system defending the cell against environmental stresses. The lack of one or the other protein would then result in the breakage of such a signaling pathway and lead to the loss of oxidative stress resistance.
Whatever the hypothesis considered, RodA and PBP2b are likely to belong to the same network since the double rodA pbp2b mutant does not show any increased sensitivity compared to the single rodA and pbp2b mutants.
Nucleotide sequence accession number. The nucleotide sequences reported have been deposited in the GenBank database under accession no. AF399833 and AF399832.
